Introduction

AIM OF THE GUIDELINE
The Academy of Orthopaedic Physical Therapy and the American Academy of Sports Physical Therapy have an ongoing effort to create evidence-based clinical practice guidelines (CPGs) for orthopaedic and sports physical therapy management and prevention of musculoskeletal impairments described in the World Health Organization's International Classification of Functioning, Disability and Health (ICF) . 79 This particular guideline focuses on the exercisebased prevention of knee injuries. Exercise-based prevention was defined as an intervention requiring the participant(s) to be active and move. This could include physical activity; strengthening; stretching; neuromuscular, proprioceptive, agility, or plyometric exercises; and other training modalities, but excludes passive interventions such as bracing or programs that only involve education. Knee injuries were defined as any knee joint pathology including damage to the joint (patellofemoral and/or tibiofemoral), ligaments, meniscus, or patellar tendon. The recommendations can be followed and implemented by athletes, coaches, health and fitness professionals, athletic trainers, physical therapists, physicians, surgeons, and other clinicians.
The objectives of this CPG are as follows.
• Review the evidence in the scientific literature for exercisebased knee injury prevention programs.
• Identify exercise-based knee injury prevention programs that are effective for specific subgroups of athletes.
• Describe the evidence for the components, dosage, and delivery of exercise-based knee injury prevention programs.
• Provide suggestions for the implementation of exercisebased knee injury prevention programs.
• Create a reference publication for athletes, coaches, parents, students, interns, residents, fellows, athletic trainers, orthopaedic and sports physical therapy clinicians, academic instructors, clinical instructors, and physicians and surgeons in orthopaedics and sports regarding the best current practice of exercise-based knee injury prevention programs.
STATEMENT OF INTENT
These guidelines are not intended to be construed or to serve as a standard of medical care. Standards of care are determined on the basis of all clinical data available for an individual athlete/patient and are subject to change as scientific knowledge and technology advance and patterns of care evolve. These parameters of practice should be considered guidelines only. Adherence to them will not ensure a successful outcome in every athlete or patient, nor should they be construed as including all proper methods of care or excluding other acceptable methods of care aimed at the same results. The ultimate judgment regarding a particular injury prevention plan, clinical procedure, or treatment plan must be made based on experience and expertise in light of the presentation of the athlete or patient, the available evidence, available diagnostic and treatment options, and the athlete or patient's values, expectations, and preferences. However, when providing care for athletes/patients, we suggest that significant departures from accepted guidelines should be documented in the athlete/patient's medical records at the time the relevant clinical decision is made.
The Academy of Orthopaedic Physical Therapy and the American Academy of Sports Physical Therapy appointed content experts with relevant physical therapy, medical, and surgical expertise as developers and authors of the CPG for exercise-based knee injury prevention. These experts were given the task of describing the interventions and evidence for exercise-based knee injury prevention. The authors declared relationships and developed a conflict management plan, which included submitting a Conflict of Interest form to the Academy of Orthopaedic Physical Therapy, APTA, Inc. Funding was provided by the Academy of Orthopaedic Physical Therapy and American Academy of Sports Physical Therapy, and by the APTA to the CPG development team for travel and expenses for CPG development training. The CPG development team maintained editorial independence.
With the assistance of a research librarian (T.H.), the authors systematically searched PubMed, Scopus, SPORTDiscus, CI-NAHL, and the Cochrane databases for relevant articles. Literature searches were performed in March 2015 and updated in April 2016 and October 2017. Reference lists of included sources were hand searched for additional articles not identified in the searches (see APPENDIX A for full search strategies and APPENDIX B for search dates and results, available at www. orthopt.org).
Inclusion and exclusion criteria used to select relevant articles were as follows.
INCLUSION CRITERIA
• Exercise-based knee injury prevention -Studies needed to expressly state that knee injuries of any kind were the specific target of the program and outcome measure of the study. -Exercise-based prevention was defined as an intervention requiring the participant to be active and move his or her body. This could include physical activity; strengthening; stretching; neuromuscular, proprioceptive, agility, or plyometric exercises; and other training modalities, but excluded passive interventions such as bracing or programs that only involved education. -Knee injuries were defined as any knee joint pathology including damage to the joint (patellofemoral and/or tibiofemoral), ligaments, meniscus, or patellar tendon.
• Articles that focused on preventing knee injuries as a whole were included, but so too were articles focused on only one type of knee injury (eg, anterior cruciate ligament [ACL] injuries or patellofemoral pain). This CPG delineates between evidence related to ACL injuries and all knee injuries.
• Mechanism of injury included both contact (injuries as a result of collision with another person or object) and noncontact (injuries that do not involve another individual or object). 17 This CPG discusses contact and noncontact injuries together, unless specifically noted in the text.
• Meta-analyses • Systematic reviews • Injury prevention programs aimed at preventing all lower extremity injuries • Injury prevention programs aimed at preventing lower extremity injuries other than knee injuries (eg, ankle injury prevention programs) • Injury prevention programs aimed at modifying risk factors for knee injuries (eg, modifying peak knee abduction moment) • Non-exercise-based interventions (eg, prophylactic bracing) • Case series • Case-control studies • Case studies This guideline focuses on exercise-based knee injury prevention programs, and excludes broader programs aimed at preventing lower extremity injuries. Lower extremity injury prevention programs target a wide range of pathologies, thus selecting different exercises or focusing athlete feedback on joints other than the knee. Further, mechanisms of prevention may also differ. Programs targeting risk factors for knee injuries (eg, programs focused on modifying knee biomechanics during jump landing) were also excluded from this CPG. There are a number of modifiable and nonmodifiable risk factors for knee injuries. However, the magnitude of each risk factor for an athlete can be dependent on many other variables. For example, hormonal changes as a result of menstruation may affect women but not men. 21 Similarly, asymmetries in jump landing have been associated with knee injuries in women 31 but not, to date, in men. As an inter- Exercise-Based Knee and Anterior Cruciate Ligament Injury Prevention: Clinical Practice Guidelines national group of experts in prevention, familiar with the prevention literature as a whole as well as that specific to knee injuries, the authors felt that these were appropriate restrictions.
Components of training programs were defined as different exercise approaches involved in the prevention programs. For example, a program that only involved balance exercises was considered to only have 1 component, whereas a program that involved strengthening and plyometric exercises was considered to have multiple components. Common components include flexibility, strengthening, plyometrics, balance, and agility.
One author (D.S.) screened articles for full-text availability and for publication in English and in peer-reviewed journals. Two authors (A.A. and A.G. or D.L.) then independently screened articles for inclusion based on title and abstract. The authors then discussed their findings. Any article that clearly did not meet inclusion criteria based on title and abstract was excluded at this point, and the full text of any article that the authors were unsure of or that seemed to clearly meet inclusion criteria was then reviewed. Full-text reviews were performed independently by the same authors. The authors met to review their findings, and all disagreements on inclusion/exclusion were resolved by discussion. Consensus was reached on all articles (see APPENDIX C for the flow chart of articles and APPENDIX D for the citations of articles included in this guideline, available at www.orthopt.org).
All authors were involved in the quality-assessment and data-extraction process. Two authors independently assessed the quality of each article. The A Measurement Tool to Assess Systematic Reviews (AMSTAR) tool was used to assess the quality of meta-analyses and systematic reviews. 58 The Physiotherapy Evidence Database (PEDro) scale was used to assess the quality of RCTs, 75 the SIGN checklist was used to assess the quality of cohort studies, 59 and the Drummond checklist was used to assess the quality of cost-effectiveness analyses.
12 Authors established reliability in the use of each quality-appraisal tool by independently assessing articles not included in the CPG, discussing their scoring, and coming to consensus on areas of disagreement. Discrepancies in quality ratings were resolved through discussion between the 2 authors. Studies that were authored by a reviewer were assigned to an alternate reviewer. Studies with a quality score less than 5 on any scale were considered low quality and were not used in the development of these guidelines 39 (see APPENDIX E for quality-assessment scores, available at www.orthopt.org). Recommendations were written based on the included articles and were agreed on by all authors. APPENDICES A through J are available on the CPG web page at www.orthopt.org.
This guideline was issued in 2018 based on the published literature up to October 2017. This guideline will be considered for review in 2022, or sooner if significant new evidence becomes available. Any updates to the guideline in the interim period will be noted on the Academy of Orthopaedic Physical Therapy website (www.orthopt.org).
LEVELS OF EVIDENCE
Articles were graded according to criteria adapted from the Centre for Evidence-based Medicine, Oxford, United Kingdom for diagnostic, prospective, and therapeutic studies.
56
In 4 teams of 2, authors came to consensus to assign a level of evidence based on the quality assessment of each article (see APPENDICES F and G for the evidence table and details on procedures used for assigning levels of evidence, available at www.orthopt.org). An abbreviated version of the grading system is provided below.
I
Evidence obtained from systematic reviews, high-quality diagnostic studies, prospective studies, or randomized controlled trials
II
Evidence obtained from systematic reviews, lesser-quality diagnostic studies, prospective studies, or randomized controlled trials (eg, weaker diagnostic criteria and reference standards, improper randomization, no blinding, less than 80% follow-up) III Case-control studies or retrospective studies IV Case series V Expert opinion
GRADES OF EVIDENCE
In teams of 2, the authors developed recommendations based on the strength of evidence, including how directly the studies addressed exercise-based knee injury prevention programs. The strength of the evidence supporting each recommendation was graded according to the previously established methods and is provided on the next page. In developing their recommendations, the authors considered the strengths and limitations of the body of evidence and the health benefits and risks of interventions.
DESCRIPTION OF GUIDELINE REVIEW PROCESS AND VALIDATION
Identified reviewers who are experts in knee injury prevention reviewed the CPG draft for integrity, accuracy, and to ensure that it fully represented the current evidence for the Exercise-Based Knee and Anterior Cruciate Ligament Injury Prevention: Clinical Practice Guidelines condition. The guideline draft was also posted for public comment and review on www.orthopt.org, and a notification of this posting was sent to the members of the Academy of Orthopaedic Physical Therapy, APTA, Inc. In addition, a panel of consumer/patient representatives and external stakeholders, such as claims reviewers, medical coding experts, academic educators, clinical educators, physician specialists, and researchers, also reviewed the guideline. All comments, suggestions, and feedback from the expert reviewers, public, and consumer/patient representatives were provided to the authors and editors for consideration and revisions. Guideline development methods, policies, and implementation processes are reviewed at least yearly by the Academy of Orthopaedic Physical Therapy (APTA)'s ICF-Based Clinical Practice Guideline Advisory Panel, including consumer/patient representatives, external stakeholders, and experts in physical therapy practice guideline methodology.
DISSEMINATION AND IMPLEMENTATION TOOLS
In addition to publishing this guideline in the Journal of Orthopaedic & Sports Physical Therapy (JOSPT), it will be highlighted and posted on the CPG web page of the JOSPT and the Academy of Orthopaedic Physical Therapy (APTA) websites. These web pages have unrestricted public access. Implementation tools and associated implementation strategies that will be made available for athletes, coaches, patients, physicians, surgeons, clinicians, educators, payers, policy makers, and researchers are listed in TABLE 1.
CLASSIFICATION
The primary International Classification of Diseases-10th Revision (ICD-10) codes and conditions associated with exercisebased knee injury prevention are: S83.2 Tear of the (medial) (lateral) meniscus of the knee, S83.4 Sprain and strain involving (fibular) (tibial) collateral ligament of knee, S83.5 Sprain and strain involving (anterior) (posterior) cruciate ligament of knee, S83.7 Injury to multiple structures of knee, S83.6 Sprain and strain of other unspecified parts of the knee, and M22.2 Patellofemoral disorders.
The primary ICF activities and participation codes associated with exercise-based knee injury prevention are: d410 Changing basic body positions, d450 Walking, d4552 Running, d4553 Jumping, d4559 Moving around, specified as direction changes while walking or running, d9200 Play, d9201 Sports, and d9202 Arts and culture.
ORGANIZATION OF THE GUIDELINES
Topics are arranged in relation to the CPG objectives. For each objective, the summaries of the evidence, levels of evidence, recommendation(s), and grade(s) of recommendation(s) are provided. and Sportsmetrics.
Methods (continued)
GRADES OF RECOMMENDATION STRENGTH OF EVIDENCE
A
29
Evidence Synthesis
There is strong evidence for the benefits of exercise-based knee injury prevention programs, including reduction in risk for all knee injuries and for ACL injuries specifically, with little risk of adverse events and minimal cost.
Recommendation
A
Clinicians should recommend use of exercise-based knee injury prevention programs in athletes for the prevention of knee and ACL injuries. Programs for reducing all knee injuries include 11+ and FIFA 11, HarmoKnee, and Knäkontroll; and those used by Emery and Meeuwisse, 14 Goodall et al, 20 Junge et al, 34 LaBella et al,
36
Malliou et al, 41 Olsen et al, 49 Pasanen et al, 51 Petersen et al, 52 and Wedderkopp et al. 78 Programs for reducing ACL injuries include HarmoKnee, Knäkontroll, Prevent Injury and Enhance Performance (PEP), and Sportsmetrics; and those used by Caraffa et al, 5 Heidt et al, 27 LaBella et al, 36 Myklebust et al, 46 Olsen et al, 49 and Petersen et al.
OBJECTIVE
Identify exercise-based knee injury prevention programs that are effective for specific subgroups of athletes. Evidence includes systematic reviews, meta-analyses, and cohort studies that specifically delineate populations (APPENDICES I and J, available at www.orthopt.org).
Evidence
Men
II
One systematic review examined the effects of exercise-based prevention programs on ACL injuries in only men. 2 The review by Alentorn-Geli et al 2 found that studies of exercise-based knee prevention programs in
Clinical Practice Guidelines
A summary of the content of the training programs and studies on exercise-based knee injury prevention programs that met the inclusion criteria for this CPG is found in TABLES 2, 3, and 4.
OBJECTIVE
Review the evidence in the scientific literature for exercisebased knee injury prevention programs. Evidence includes systematic reviews and meta-analyses that look at prevention programs across populations (APPENDIX H, available at www.orthopt.org, and TABLE 3).
Evidence
I
Three meta-analyses have examined exercise-based knee injury prevention programs across populations. 9, 18, 57 One meta-analysis examined the efficacy in reducing all knee injuries as well as reducing ACL injuries specifically, 9 and 2 focused only on ACL injuries. 18, 57 All of the studies included in these meta-analyses involved athletes (sporting or tactical/military), with participants being men and women of different ages and races, as well as with different sports and skill levels.
The exercise-based prevention programs included in these analyses employed a number of different intervention strategies, from neuromuscular and proprioceptive training to strengthening, stretching, and plyometric exercises. Many of these programs employed more than one of these strategies, and gave participants feedback on their form during exercises, particularly jump landings. 9, 18, 57 The pooled incidence rate ratio, based on 19 studies (n = 19 143), indicated that exercise-based prevention programs are effective in reducing the incidence of knee injuries (incidence rate ratio = 0.73; 95% confidence interval [CI] Malliou et al, 41 Olsen et al, 49 Pasanen et al, 51 Petersen et al, 52 and Wedderkopp et al.
78
Pooled rate and risk ratios from the 3 meta-analyses 9,18,57 examining the impact of exercise-based knee injury prevention programs on incidence of primary ACL injuries indicate that these programs are effective. 45 An additional study analyzed age in quartiles. Sugimoto et al 68 found that female athletes 14 to 18 years of age had greater reduction in ACL injury incidence (odds ratio = 0.29; 95% CI: 0.19, 0.44; P = .01) compared to those younger than 14 years of age (odds ratio = 0.29; 95% CI: 0.01, 7.09; P = .45), 18 to 20 years of age (odds ratio = 0.48; 95% CI: 0.21, 1.07; P = .07), and older than 20 years of age (odds ratio = 1.01; 95% CI: 0.62, 1.64; P = .97).
Soccer
I
A meta-analysis of RCTs found a protective effect of exercise-based knee injury prevention programs in soccer players (men and women) for knee injuries (relative risk = 0.74; 95% CI: 0.55, 0.98). The study found a reduction in ACL injuries, though this decrease in incidence was not statistically significant (relative risk = 0.66; 95% CI: 0.33, 1.32).
22 Three prevention programs, however, were successful in significantly decreasing the incidence of ACL injuries in soccer players when compared to a control group (PEP, 42 Knäkontroll, 77 and the program used by Caraffa et al 5 ).
Three individual studies included in this CPG (using the PEP, Knäkontroll, and HarmoKnee programs) examined the incidence of knee injuries. 29, 35, 77 While all 3 studies showed a decrease in the incidence of knee injuries, 29, 35, 77 the reduction was only statistically significant with the Knäkontroll program. 77 All 7 individual studies included in this CPG that examined ACL injury incidence in soccer players (PEP, Knäkontroll, KLIP, the program by Caraffa et al, 5 Sportsmetrics) found a decrease in ACL injuries. 19, 29, 35, 42, 54, 77 
II
In female soccer players (n = 4564) between the ages of 12 and 17 years, the Knäkontroll program reduced ACL injuries in the intervention group by 64% (rate ratio = 0.36; 95% CI: 0.15, 0.85) and severe knee injuries by 30% (rate ratio = 0.70; 95% CI: 0.42, 1.18).
77
Two studies examined the efficacy of the PEP program in reducing ACL injuries in female soccer players. Mandelbaum 
Women
I
Three meta-analyses indicate that, in women, exercise-based injury prevention programs are effective in reducing the risk of all ACL injuries, with pooled odds ratios ranging from 0.40 to 0.64. 45, 72, 80 More specifically, when reporting only noncontact ACL injuries, the pooled odds ratio was 0.38.
72,80
Programs identified by meta-analyses 45, 72, 80 as being effective in reducing the risk for ACL injuries in women were the PEP, Sportsmetrics, Knäkontroll, and HarmoKnee, as well as the programs used in the studies by Myklebust et al 46 and Petersen et al. 52 Common themes of these successful programs were use of multiple types of exercises, participation during the preseason or preseason and in-season, performance prior to training sessions/practices or games, and an emphasis on what is thought to be optimal lower extremity alignment. 19, 27, 29, 35, 36, 42, 46, 49, 52, 63, 77 Two programs were identified as being ineffective at preventing ACL injuries. 72, 80 The Knee Ligament Injury Prevention (KLIP) exercise-based knee injury prevention program, used by Pfeiffer et al 54 with high school-aged adolescent girls and women, was used after practices and games. Despite an odds ratio of 2.05, suggesting a greater risk of incurring a noncontact ACL injury for the athletes in their intervention group, the wide 95% CI (0.21, 21.7) indicates a lack of statistical significance. Söderman et al 60 found that a greater percentage of athletes in their intervention group incurred noncontact ACL injuries (intervention, 6.5%; control, 1.3%; no P value reported) or other knee injuries, including those to the combined ACL and medial collateral ligament, medial collateral ligament, lateral collateral ligament, posterior cruciate ligament, and contusions (intervention, 12.9%; control, 7.7%; no P value reported), than those in their control group. Unlike the effective programs that involved multiple exercise modalities, the Söderman et al 60 program only involved balanceboard training.
I
Adolescent female athletes seem to gain the most benefit from exercise-based knee injury prevention programs. 45, 68, 80 Two meta-analyses examined the effect of age, finding that girls under 18 years of age have a basketball intervention group. Although this was not a statistically significant difference in incidence (intervention, 0.42 injuries/1000 AEs; control, 0.48 injuries/1000 AEs; P = .17), it was a positive trend following their 6-week, preseason, 60-to 90-minute plyometric-based program. Female basketball players who performed their intervention had significantly fewer noncontact knee injuries compared to control female basketball players (P = .02). In contrast, Pfeiffer et al 54 observed a 4-fold greater risk of noncontact ACL injury in their intervention group compared to the control group (intervention, 0.48 ACL injuries per 1000 AEs; control, 0.11/1000 AEs) following their 15-to 20-minute program that was performed after training sessions.
Volleyball
II
No conclusions can be drawn with regard to exercise-based knee injury prevention programs in female volleyball players. Two studies included volleyball players, but neither study observed the outcome of interest (serious knee injury or ACL injury) in either the intervention or the control group.
29,54
Evidence Synthesis
There is evidence of important benefits of exercise-based knee injury prevention programs, including reduction of risk for knee and ACL injuries, with little risk of adverse events and minimal cost. However, the guideline development group identified gaps in evidence and recommends that researchers and clinicians should further evaluate the efficacy of exercise-based knee injury prevention programs in men of various ages playing sports. Additionally, researchers and clinicians should further evaluate the efficacy of exercise-based knee injury prevention programs in basketball and volleyball athletes. Although large-scale prospective trials or RCTs are costly, the benefits of identifying programs effective in reducing knee injuries in various sports outweigh these financial costs.
Recommendations
A
Clinicians, coaches, parents, and athletes should implement exercise-based knee injury prevention programs prior to athletic training sessions/practices or games in female athletes to reduce the risk of ACL injuries, especially in female athletes younger than 18 years of age. Programs that should be implemented include PEP, Sportsmetrics, Knäkontroll, HarmoKnee, and those used by Olsen et al 49 and Petersen et al.
52
A Soccer players, especially women, should use exercise-based knee injury prevention programs to reduce the risk of severe knee and ACL injuries. Programs that could be beneficial for preventing severe knee injuries include PEP, Knäkontroll, and HarmoKnee. 19 The results were similar (lower but nonsignificant rates) when they examined noncontact ACL injuries specifically (intervention, 0.06/1000 AEs; control, 0.19/1000 AEs). There was a higher rate, though not significant, of overall knee injuries in their intervention group (1.14/1000 AEs) compared to their control group (1.10/1000 AEs, P = .86).
II
Studies that have examined female soccer and team handball players have shown effectiveness in reducing ACL injuries (soccer: odds ratio = 0.32; 95% CI: 0.19, 0.56; team handball: odds ratio = 0.54; 95% CI: 0.30, 0.97). 80 However, making direct comparisons of effectiveness between sports needs to be done with caution, because the exercise-based knee injury prevention programs used in each cohort were not identical.
Team Handball
II
Olsen et al 49 found significant reductions in acute knee injuries (relative risk = 0.45; 95% CI: 0.25, 0.81) and knee ligament injuries (relative risk = 0.20; 95% CI: 0.06, 0.70) in 16-to 17-year-old male and female team handball athletes after implementing an exercisebased knee injury prevention program. However, they noted no change in meniscal injuries (relative risk = 0.27; 95% CI: 0.06, 1.28).
Achenbach et al 1 found significant reductions in severe (injuries that cause 28 or more days of absence from sport) knee injuries (odds ratio = 0.11; 95% CI: 0.01, 0.90; P = .02) in 15-to 17-year-old male and female team handball athletes.
In female team handball players, Myklebust et al 46 did not find a significant decrease in ACL injuries after performing an exercise-based knee injury prevention program for 2 seasons. However, when comparing teams that were compliant with the program (performed the intervention 15 or more times over the course of the season, with at least 75% of players participating) to the teams that were not compliant, they found a significant decrease in ACL injuries among the compliant elite team handball athletes (odds ratio = 0.06; 95% CI: 0.01, 0.54).
Basketball
II
There is conflicting evidence on the effectiveness of exercise-based knee injury prevention programs in female basketball players. Hewett et al 29 observed fewer knee ligament injuries (sprain/tear leading to greater than 5 consecutive days of absence from sport) in their female ing exercises failed to reduce ACL injuries (odds ratio = 1.02; 95% CI: 0.63, 1.64). 
Sadoghi et al
57 performed a meta-regression to determine the factors that influence the effect of an exercise-based knee injury prevention program in women. They found that use of balance boards (P = .71), use of video assistance (P = .91), duration of follow-up (P = .44), and year of study publication (P = .36) did not influence a program's ACL injury risk reduction.
Dosage and Delivery
I
Gagnier et al 18 performed a meta-analysis including men and women that indicated that programs with a longer duration (greater than 14 months; incidence rate ratio estimate = 0.41; 95% CI: 0.20, 0.84; P =.01), more hours of training per week (0.75 hours or more per week; incidence rate ratio estimate = 0.38; 95% CI: 0.18, 0.77; P<.01), higher compliance (64% or greater; incidence rate ratio estimate = 0.39; 95% CI: 0.17, 0.89; P = .03), and no participant dropout (incidence rate ratio estimate = 0.30; 95% CI: 0.15, 0.62; P<.01) were more effective at reducing ACL injury incidence than programs that did not have these qualities. 
OBJECTIVE
Describe the evidence for components, dosage, and delivery of exercise-based knee injury prevention programs.
Evidence
Components
I
Exercise-based injury prevention programs are effective in reducing ACL injuries in young women when the programs incorporate multiple exercise components. 67 Programs with more than 1 component resulted in ACL injury reductions (odds ratio = 0.32; 95% CI: 0.22, 0.46). In contrast, programs with only a single exercise component did not result in a significant reduction of injuries (odds ratio = 1.15; 95% CI: 0.70, 1.89).
67
I
Exercise-based knee injury prevention programs in women that include proximal control exercises, such as trunk/core strengthening and stability exercises, led to significantly lower ACL injury rates (odds ratio = 0.33; 95% CI: 0.23, 0.47). In contrast, programs that did not include proximal control exercises did not reduce injury rates (odds ratio = 0.95; 95% CI: 0.60, 1.50).
67
II
Programs that incorporate both plyometric and strengthening components are more effective at reducing ACL injuries in women than programs without both of these components. , 19, 29, 42 and only 1 program with a plyometric component (the KLIP program used after training sessions and games) 54 has not resulted in a decrease in ACL injuries. When strength and plyometrics are examined separately, Sugimoto et al 67 found that there was no significant difference in ACL injury risk between programs with and without plyometric components. However, when comparing programs with and without strengthening components, there was a significant reduction in the number of ACL injuries only in those programs with strengthening exercises (odds ratio = 0.32; 95% CI: 0.23, 0.46). Those without strengthen-ratio = 0.66; 95% CI: 0.43, 0.99). Programs that lasted 20 minutes or less per session had an odds ratio of 0.61 (95% CI: 0.41, 0.90) in reducing ACL injuries, whereas programs that lasted longer than 20 minutes per session had an odds ratio of 0.35 (95% CI: 0.23, 0.53). Exercise-based injury prevention programs implemented multiple times per week had an odds ratio of 0.35 (95% CI: 0.23, 0.53) in reducing ACL injuries compared to programs that only used training once a week, which had an odds ratio of 0.62 (95% CI: 0.41, 0.94).
I
Donnell-Fink et al 9 examined men and women, comparing preseason-only and preseason-plus-inseason programs to in-season-only programs, and found lower risk for knee injuries when preseason was included (preseason/preseason-plus-in-season incidence rate ratio = 0.24; in-season-only rate ratio = 0.75; no CIs presented; P<.01). They did not find a significant result with this same comparison for ACL injuries specifically (preseason/ preseason-plus-in-season incidence rate ratio = 0.32; inseason-only rate ratio = 0.57; P = .33).
9
In women, exercise-based knee injury prevention programs that began in the preseason and continued throughout the season were effective (odds ratio = 0.54; 95% CI: 0.30, 0.97) in reducing ACL injuries.
80 Programs in-season only (odds ratio = 0.32; 95% CI: 0.17, 0.59) had a lower odds ratio than programs in the preseason and in-season. Programs in the preseason only (odds ratio = 0.35; 95% CI: 0.10, 1.21) were not effective in reducing ACL injuries.
80
I
Sugimoto et al
68 performed a meta-regression examining the "synergistic effects" of components of exercise-based knee injury prevention programs that they deemed key to optimizing ACL injury prevention. They grouped age in tertiles (14-18 years, 18-20 years, 20 years or older), dosage was dichotomized (20 minutes or less per session, greater than 20 minutes per session), frequency was dichotomized (once per week, multiple times per week), number of exercises was dichotomized (programs made up of only 1 exercise component, programs made up of multiple components), and verbal feedback to athletes on their form was dichotomized (verbal feedback given, no verbal feedback). Points were assigned to groups based on previously reported odds ratios, with higher points given to groupings that demonstrated lower odds ratios (greater ACL injury reduction). Groups with the highest points were those aged 14 to 18 years, programs greater than 20 minutes in duration, programs performed multiple times per week, and programs with multiple exercise components. The results indicated an odds ratio of 0.83 (β1 = -0.29; 95% CI: -0.33, -0.03; P = .03), or 17% lower odds of sustaining an ACL injury if one of these highest-point groups was present.
Compliance
I
Sugimoto et al 69 performed a meta-analysis of studies involving female soccer, basketball, volleyball, and team handball athletes, concluding that higher rates of compliance with exercise-based injury prevention programs were associated with lower rates of ACL injury incidence among adolescent female athletes. The authors found that when compliance was dichotomized (greater than versus less than 42.5% overall compliance rate*), the incidence rate in the high-compliance group was 73% lower (incidence rate ratio = 0.27; 95% CI: 0.07, 0.80). When divided into tertiles (greater than 66.6%, 33.3%-66.6%, less than 33.3% overall compliance), the high-compliance group had 82% lower ACL injury incidence (incidence rate ratio = 0.18; 95% CI: 0.02, 0.77) than the medium-and low-compliance groups. The authors reported that a potential inverse doseresponse relationship exists between compliance with an exercise-based injury prevention program and the incidence of ACL injury in adolescent female athletes. *Overall compliance rate was defined as the attendance rate multiplied by the compliance rate, with attendance rate defined as the number of participants who completed the minimum amount of session criteria in the study divided by the total number of participants in the intervention group. Compliance rate was defined as the number of sessions completed in the study divided by the maximum number of sessions offered to the intervention group.
II
Studies of female soccer players, with data adjusted for compliance, found greater knee injury incidence reductions in athletes who were compliant with the exercise-based prevention programs.
35,77 Kiani et al, 35 using the HarmoKnee program, found a 77% lower incidence of knee injuries (rate ratio = 0.23; 95% CI: 0.04, 0.83) and a 90% lower incidence of noncontact knee injuries (rate ratio = 0.10; 95% CI: 0.00, 0.70). These reductions in knee injury risk decreased further when they were adjusted for compliance (removal of 3 teams that performed the intervention with less than 75% compliance, leaving 45 teams in the intervention group). Athletes who were compliant with the HarmoKnee program had an 83% reduction in knee injury incidence (rate ratio = 0.17; 95% CI: 0.04, 0.64) and a 94% decrease in noncontact knee injuries (rate ratio = 0.06; 95% CI: 0.01, 0.46).
Waldén et al, 77 using the Knäkontroll program in a cluster RCT, found an overall 64% decrease in ACL injury incidence (rate ratio = 0.36; 95% CI: 0.15, 0.85) in their intervention group compared to controls, but when they examined only their compliant players (defined as players having performed the intervention once per week on average), they found an 83% reduction in ACL injury rate (rate ratio = 0.17; 95% CI: 0.05, 0.57). They also found that compliant players had an 82% reduction in the rate of severe knee injuries (rate ratio = 0.18; 95% CI: 0.07, 0.45) and a 47% reduction in the rate of acute knee injuries (rate ratio = 0.53; 95% CI: 0.30, 0.94).
Hägglund et al
26 performed a subanalysis on the same RCT.
77
Teams and players in the intervention group (184 teams, 2471 players) were stratified into tertiles of compliance (low, intermediate, and high) based on their mean number of weekly injury prevention program training sessions during the season. High player compliance (mean, 89% compliance rate) resulted in an 88% reduction in ACL injury rate compared with low compliance (mean, 63% compliance rate).
Intermediate compliance (mean, 82% compliance rate) and high compliance reduced acute knee injury by 72% to 90% compared to low compliance. Low-compliance players had higher rates of ACL injuries than the control players.
Evidence Synthesis
There is evidence of important benefits of exercise-based knee injury prevention programs, including reduction of risk for knee and/or ACL injuries, with little risk of adverse events and minimal cost.
Recommendations
A
Exercise-based knee injury prevention programs used for women should incorporate multiple components, proximal control exercises, and a combination of strength and plyometric exercises.
Exercise-based knee injury prevention programs should involve training multiple times per week, training sessions that last longer than 20 minutes, and training volumes that are longer than 30 minutes per week.
Clinicians, coaches, parents, and athletes should start exercise-based knee injury prevention programs in the preseason and continue performing the program throughout the regular season.
Clinicians, coaches, parents, and athletes must ensure high compliance with exercise-based knee injury prevention programs, particularly in female athletes.
B
Exercise-based knee injury prevention programs may not need to incorporate balance exercises, and balance should not be the sole component of a program.
OBJECTIVE
Provide suggestions for implementation of exercise-based knee injury prevention programs.
Evidence
I
Grindstaff et al 24 performed a systematic review to determine the number of athletes needed to treat and the relative risk reduction in noncontact ACL injuries associated with exercise-based knee injury prevention programs. The sample included female soccer, basketball, and team handball athletes using 5 different prevention programs that varied in their exercise components. Frequency of training ranged from 3 times per week in the preseason to 1 to 3 times per week during the season. They reported that to prevent 1 noncontact ACL injury during a sports season, 89 athletes (95% CI for number needed to benefit: 66, 136) would have to participate in a prevention program. The relative risk reduction for noncontact ACL injuries was 70% (95% CI: 54%, 80%) in athletes involved in a prevention program.
An updated systematic review was published by Sugimoto et al, 70 examining 12 studies (including all 5 studies reviewed by Grindstaff et al 24 ) , to determine the effectiveness of exercise-based injury prevention programs designed to reduce ACL injury risk and noncontact ACL injury risk in female athletes. Sugimoto et al 70 reported that to prevent 1 ACL injury during a sports season, 120 athletes (95% CI for number needed to benefit: 74, 316) would need to participate in an exercise-based knee injury prevention program. The relative risk reduction for ACL injury was 43.8% (95% CI: 28.9%, 55.5%) in athletes involved in the prevention programs. Over the course of 1 season, to prevent 1 noncontact ACL injury, 108 athletes (95% CI for number needed to benefit: 86, 150) would have to participate in an exercise-based knee injury prevention program, with a relative risk reduction for noncontact ACL injury of 73.4% (95% CI: 62.5%, 81.1%) in athletes involved in the prevention programs.
I Lewis et al
38 performed a cost analysis of 4 hypothetical strategies for implementing exercise-based ACL injury prevention programs across Australia. Using a prevention program similar to those in the literature, 19, 32, 53, 54 performed 3 times per week for 20 minutes and supervised by coaches and medical staff, the study examined the resulting costs if implemented across Australia in 12-to 25-year-olds involved in high-risk sports, 18-to 25-year-olds involved in high-risk sports, 12-to 17-year-olds involved in high-risk sports, or all adolescents aged 12 to 17 years involved in any sport. High-risk sports were defined as rugby, Australian rules football, netball, soccer, basketball, and skiing. The authors found that the implementation strategy involving training 12-to 25-year-olds involved in high-risk sports had the highest break-even value (the future health care costs avoided) of $693 per person, followed by training 18-to 25-year-olds in high-risk sports (break-even cost, $401), 12-to 17-year-olds in high-risk sports ($370), and all 12-to 17-year-olds in sports ($102). The analysis also found that the strategy of training 12-to 25-year-olds in high-risk sports would prevent the most ACL injuries, with the lowest number needed to treat, as well as prevent the highest number of future knee injuries and total knee replacements (prevented 3764 ACL injuries [number needed to treat, 27], 842 knee osteoarthritis cases, and 584 total knee replacements per 100 000 treated). Training 18-to 25-year-olds in highrisk sports prevented the next largest number of ACL injuries and resulted in the smallest number needed to treat (prevented 2303 ACL injuries [number needed to treat, 43], 511 osteoarthritis cases, and 353 total knee replacements per 100 000 treated), followed by 12-to 17-year-olds in high-risk sports (prevented 2021 ACL injuries [number needed to treat, 49], 457 osteoarthritis cases, and 317 total knee replacements per 100 000 treated), and 12-to 17-year-olds in all sports (prevented 526 ACL injuries [number needed to treat, 190], 119 osteoarthritis cases, and 83 total knee replacements per 100 000 treated).
II
Swart et al
71 performed a cost-effectiveness analysis on prevention and screening programs for ACL injuries in young athletes who participated in pivoting and cutting sports. They reported that an exercise-based ACL injury prevention program performed by all athletes could reduce the incidence of ACL injury from 3% per season to 1.1% per season, while a screening program that targeted high-risk athletes could reduce ACL injury incidence from 3% per season to 1.8% per season. On a per-case basis, the average cost of the universal training strategy was $100 lower than no training and $25 lower than the screening and training strategy.
II
Pfile and Curioz
55 performed a number-needed-totreat analysis examining exercise-based ACL injury prevention programs led by coaches versus programs led by what they termed a mixed leadership group (ie, coaches, physical therapists, and/or athletic trainers). Programs led by a mixed leadership group had a lower number needed to benefit (120 athletes needed to treat to prevent 1 ACL injury; 95% CI: 73, 303), but a slightly higher relative risk reduction of 48.2% (95% CI: 22%, 65%), compared to coach-led programs, which had a number needed to benefit of 131 (95% CI: 98, 196 ) and a relative risk reduction of 58.4% (95% CI: 40%, 71%).
Evidence Synthesis
There is no increase in risk of adverse events when all athletes perform prevention programs compared to only athletes screened as high risk, and there is no harm in performing prevention programs. Although cost may minimally increase (depending on the program) as more athletes participate, the small increase in program costs is likely outweighed by longterm health care costs and by the reduction in ACL injuries.
Recommendation
A
Clinicians, coaches, parents, and athletes should implement exercise-based knee injury prevention programs in all young athletes, not just those athletes identified through screening as being at high risk for ACL injury, to optimize the numbers needed to treat while reducing costs.
For the greatest reduction in future medical costs and prevention of ACL injuries, osteoarthritis, and total knee replacements, clinicians, coaches, parents, and athletes should encourage implementation of exercise-based ACL injury prevention programs in athletes 12 to 25 years of age and involved in sports with a high risk of ACL injury.
B
Clinicians, coaches, parents, and athletes should support implementation of exercise-based knee injury prevention programs led by either coaches or a group of coaches and medical professionals.
The recommendations made in this guideline are summarized in FIGURES 1 and 2. Specific populations FIGURE 1. Treatment algorithm based on clinical practice guideline findings. The exercise-based knee injury prevention programs heading summarizes the programs observed to be effective when studied across populations. Below the exercise-based knee injury prevention programs heading are the specific populations. These 2 groups (exercisebased knee injury prevention and specific populations) are not mutually exclusive; all programs found in the specific populations area are also found in the exercise-based knee injury prevention area. However, the program listed for specific populations may be more effective or may have been studied in detail in that particular group. The dosage and delivery and implementation sections provide a summary of recommendations on how programs should be set up and executed. Overall, no significant difference in injury rates for all knee injuries (P = .86) or ACL injuries (P = .20) The intervention group had a lower ACL injury rate in practices (P = .01), a lower late-season ACL injury rate (P = .03), a lower rate of noncontact ACL injuries in those who reported a history of ACL injury (P = .05), and there was no difference between groups in the injury rates during games (P = .62), early in the season (P = .93), or among those with no history of prior ACL injury (P = .43)
One player tripped during the lateral hops and had a tibial and fibular fracture, after which the cone height used was adjusted to be shorter Trained females had a significantly lower rate of severe knee injuries (incidence, 0.12/1000 AEs) than untrained females (incidence, 0.43/1000 AEs; P = .05) Untrained females had a higher rate of severe knee injuries than males (incidence, 0.09/1000 AEs; P = .03), but there was no difference in rate of severe knee injuries between trained females and males (P = .86) The trained female group (incidence, 0) had a significantly lower rate of noncontact knee injuries compared to the untrained female (incidence, 0.35/1000 AEs; P = .01) and untrained male groups (incidence, 0.05/1000 AEs; P = .01) Not reported Were costs and consequences that occur in the future "discounted" to their present values? x Was any justification given for the discounted rate used?
x Was an incremental analysis of costs and consequences of alternatives performed?
Were the additional costs generated by one alternative over another compared to the additional effects, benefits, or utilities generated?
x Was allowance made for uncertainty in the estimates of cost and consequences? If patient-level data on costs or consequences were available, were appropriate statistical analyses performed?
If a sensitivity analysis was employed, was justification provided for the ranges or distributions of values, and the form of sensitivity analysis used?
Were the conclusions of the study sensitive to the uncertainty in the results, as quantified by the statistical and/or sensitivity analysis?
Did the presentation and discussion of study results include all issues of concern to users? Were the conclusions of the analysis based on some overall index or ratio of costs to consequences? If so, was the index interpreted intelligently or in a mechanistic fashion?
Were the results compared with those of others who have investigated the same question? If so, were allowances made for potential differences in study methodology? Did the study discuss the generalizability of the results to other settings and patient/client groups?
x Did the study allude to, or take account of, other important factors in the choice or decision under consideration?
Did the study discuss issues of implementation, such as feasibility of adopting the "preferred" program given existing financial or other constraints, and whether any freed resources could be redeployed to other worthwhile programs? 
PROCEDURES USED FOR ASSIGNING LEVELS OF EVIDENCE
• Level of evidence is assigned based on the study design using the Levels of Evidence table (APPENDIX F), assuming high quality (eg, for intervention, randomized clinical trial starts at level I) • Study quality is assessed using the critical appraisal tool, and the study is assigned 1 of 4 overall quality ratings based on the critical appraisal results • Level of evidence assignment is adjusted based on the overall quality rating: -High quality (high confidence in the estimate/results): study remains at assigned level of evidence (eg, if the randomized clinical trial is rated high quality, its final assignment is level I). High quality should include:
• Randomized clinical trial with greater than 80% follow-up, blinding, and appropriate randomization procedures
• Cohort study includes greater than 80% follow-up • Diagnostic study includes consistently applied reference standard and blinding • Prevalence study is a cross-sectional study that uses a local and current random sample or censuses -Acceptable quality (the study does not meet requirements for high quality and weaknesses limit the confidence in the accuracy of the estimate): downgrade 1 level • Based on critical appraisal results -Low quality: the study has significant limitations that substantially limit confidence in the estimate: downgrade 2 levels • Based on critical appraisal results -Unacceptable quality: serious limitations-exclude from consideration in the guideline • Based on critical appraisal results 46, 63 One study had all noncontact ACL injuries in the control group, but no noncontact ACL injuries in the intervention group 52 One study had a significant increase in major knee injuries (80% of injuries in the intervention group) 60 One study had an increase in noncontact ACL injuries in the intervention group; however, it did not reach statistical significance. 54 When controlling for sport, this study had a 4-fold higher incidence of injuries in trained female basketball players than in control players Eight of the 10 studies included plyometric exercises 19, 27, 29, 42, 46, 52, 54, 63 All 4 studies reporting some statistically significant decrease in ACL injuries included plyometrics, strength training, and flexibility 19, 29, 42, 46 Only 1 of the studies that included plyometrics failed to show a decrease in ACL injuries 54 The 1 study that only included a balance component to the training had an increase in ACL injury incidence 60 Primary: statistically significant reduction in ACL injuries (odds ratio = 0.61; 95% CI: 0.44, 0.85) and noncontact ACL injuries (odds ratio = 0.35; 95% CI: 0.23, 0.54) when expressed as player seasons; statistically significant reduction in ACL injuries (odds ratio = 0.64; 95% CI: 0.42, 0.99) and noncontact ACL injuries (odds ratio = 0.38; 95% CI: 0.22, 0.64) when expressed in AEs Secondary: no effect of total training time or session duration on ACL injury rate; ACL injury risk increases as duration of balance exercises increases; injury risk decreases with greater emphasis on and longer duration of prescribed static stretching; no significant difference in injury incidence between programs where feedback was given compared to those where no feedback was given Heidt et al, 27 Hewett et al, 29 Mandelbaum et al, 42 Myklebust et al, 46 Petersen et al, 52 Pfeiffer et al, 54 Söderman et al 60 ACL injury incidence Pooling all studies, the authors found an odds ratio of 0.40 (95% CI: 0.27, 0.60), indicating that exercise-based knee injury prevention programs were effective at lowering odds of ACL injuries Subgroup analysis: prevention programs in athletes under 18 y (odds ratio = 0.27; 95% CI: 0.14, 0.49) were effective, but were not effective in athletes over 18 y (odds ratio = 0.78; 95% CI: 0.23, 2.64). Prevention programs in soccer players (odds ratio = 0.32; 95% CI: 0.19, 0.56) had a lower odds ratio than programs in team handball players (odds ratio = 0.54; 95% CI: 0.30, 0.97). Programs that began in the preseason and continued throughout the season were effective (odds ratio = 0.54; 95% CI: 0.30, 0.97) and had a higher odds ratio than programs that were in-season only (odds ratio = 0.32; 95% CI: 0.17, 0.59), but programs in the preseason only (odds ratio = 0.35; 95% CI: 0.10, 1.21) were not effective. Programs with plyometric (odds ratio = 0.37; 95% CI: 0.23, 0.55) and strengthening (odds ratio = 0.21; 95% CI: 0.11, 0.43) components were effective, and programs without these components (odds ratio = 0.69; 95% CI: 0.41, 1.15) were not. Programs without balance training (odds ratio = 0.27; 95% CI: 0.14, 0.49) were effective, and programs with balance components (odds ratio = 0.63; 95% CI: 0.37, 1.09) were not effective. No significant heterogeneity or publication bias was found Control-season ACL injury incidence, 0.14/1000 playing hours; first-intervention-season ACL injury incidence, 0.13/1000 playing hours; secondintervention-season ACL injury incidence, 0.06/1000 playing hours No significant difference in injury rate (odds ratio = 0.52; 95% CI: 0.15, 1.82; P = .31) When adjusted for compliance, there was a significant decrease in odds of injury in the elite division (odds ratio = 0.06; 95% CI: 0.01, 0.54; P = .01) 
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